Cell-free protein synthesis has emerged in recent years as a powerful tool that can potentially transform the production of recombinant proteins. Cell-free protein synthesis harnesses the synthetic power of living cells while eliminating many of the constraints of traditional cell-based gene expression methods. Due to the lack of physical barriers separating the protein synthesis machinery from the surrounding environment, a cell-free protein synthesis reaction mixture can be directly programmed using diverse genetic material for the instant production of recombinant proteins without complicated cloning procedures. However, a number of issues must be addressed for this technology to be widely accepted as an alternative platform for protein production, including quality-control of translation machinery preparations, and high reagent cost. This review describes recent efforts to make cell-free protein synthesis more affordable and more easily accessible for generic applications.
INTRODUCTION
When Nirenberg and Mattahei were struggling to decipher the codons of the genetic code they were in desperate need of a system that polymerises amino acids into proteins in response to programmed genetic sequences (Nirenberg and Matthaei 1961; Nirenberg, Matthaei and Jones 1962; Nirenberg et al. 1963) . They built a system that translates exogenously added mRNAs into corresponding proteins using the cytoplasmic contents released from ruptured Escherichia coli cells, which contains ribosomes and auxiliary translational factors that constitute the translation machinery. Using this cell-free protein synthesis system based on E. coli extracts, they identified the first genetic codon (UUU for phenylalanine), earning them the Nobel Prize in Physiology or Medicine (Nirenberg and Matthaei 1961; Nirenberg, Matthaei and Jones 1962) . A decade later, Cohen, Chang and Hsu (1972) developed a method for expressing foreign genes in E. coli cells transformed with recombinant DNA. Unlike the cell-free protein synthesis method that requires separate preparation of cell lysates containing the translation machinery, cultivation of transformed cells achieves replication of template DNA and translational machinery, thereby enabling large-scale preparation of heterologous proteins; this approach has established the generic method of choice for protein production (Baneyx 1999) . Meanwhile, the cell-free protein synthesis method is useful for specialised applications, such as investigating mechanisms regulating gene expression.
However, in recent years, cell-free protein synthesis has attracted renewed attention as the demand for high-throughput protein production increases (Takeda and Kainosho 2012; Murray and Baliga 2013; Park et al. 2017) . With the completion of. genome sequencing projects for an increasing number of species, the number of novel protein-coding genes is increasing exponentially. In addition to comparative and computational annotation of newly identified genes, it is essential to determine the structure and function of proteins encoded by them. While the recent developments in production of synthetic genes, novel cloning strategies and high-throughput expression technologies in various cell types have enabled rapid and parallel production of recombinant proteins, still, the gap between acquiring sequence data and experimental characterisation of encoded proteins is continually widening (Celie, Parret and Perrakis 2016) . In addition to the existing cell-based gene expression methods, alternative methods that can translate chemically synthesised or PCR-amplified genes directly without the time-and labourintensive steps will further accelerate the deciphering process of new genetic information (Schinn et al. 2016) .
Ironically, cell-free protein synthesis, which was developed 60 years ago, has the potential to meet these requirements. Using pre-prepared translational machinery, a typical cell-free protein synthesis reaction mixture can be directly programmed with diverse forms of genetic material for instant synthesis of corresponding proteins in a matter of hours. Furthermore, since the protein synthesis reactions are conducted in a homogenous solution along with general biochemical reactions, hundreds or thousands of protein molecules can be simultaneously generated in microwell plates for subsequent characterisation. However, these advantages in speed and configurational flexibility can be embraced only when cell-free protein synthesis methods produce proteins in the amounts required for subsequent analyses or applications. Although the original cell-free protein synthesis protocol only produces analytical amounts of proteins (typically in the range of tens of micrograms per millilitre), remarkable progress has been made in understanding and addressing the factors limiting the productivity of cell-free protein synthesis systems. As discussed in detail in the following sections, combined optimisation of reaction conditions, template preparation methods and ATP regeneration schemes has resulted in cell-free protein synthesis systems that can now produce milligrams of proteins within a couple of hours from millilitre-scale reactions. This large increase in productivity is enabling application of cell-free protein synthesis systems to an ever-growing number of studies and methods that require highthroughput protein production.
The major components of cell-free protein synthesis reaction mixtures can be divided into four groups: template DNA encoding the target protein, a cell lysate containing the translation machinery and auxiliary translational factors, substrates for transcription and translation, including nucleotides and amino acids, and the components required for regeneration of ATP (an ATP regeneration system) (Fig. 1) . During protein synthesis in growing cells, all these components are continuously replicated and regenerated, but special effort is needed to ensure efficient utilisation of these resources in a cell-free protein synthesis system if efficient protein production is to be achieved. 
STABILISATION OF LINEAR DNA TEMPLATES IN CELL LYSATES
In general, PCR products and other forms of linear DNA are degraded rapidly by exonucleases present in cell extracts (Pratt et al. 1981; Lesley, Brow and Burgess 1991) . Similarly, mRNA transcripts are highly susceptible to nucleolytic digestion. Therefore, a reaction mixture for cell-free protein synthesis programmed using PCR products usually produces much less recombinant protein than a comparable whole-cell plasmid-based gene expression system. Numerous approaches have been investigated to tackle this issue and improve the productivity of linear DNA template-based cell-free protein synthesis (Fig. 2) . Michel-Reydellet, Woodrow and Swartz (2005) attempted to increase the stability of PCR-amplified DNA by removing genes encoding endonuclease I and exonuclease V from the genome of the E. coli strain used for cell extract preparation. Comparison of the relative expression levels of chloramphenicol acetyltransferase (CAT) showed that the cell extract prepared from the engineered strain achieved similar protein productivity using PCRamplified and plasmid-based genes. These results indicated that cell extracts can be customised for cell-free protein synthesis by genomic engineering of host strains. In another attempt to decrease the nucleolytic activity of the cell extract, Seki et al. (2008) showed that an extract prepared from E. coli grown at low temperature yielded much higher protein productivity in a cell-free synthesis system programmed with PCR-amplified genes. Additionally, a recD-mutant of the same strain gave a similar result, suggesting expression of exonuclease V was suppressed by lowtemperature cultivation. Using a different approach, Wu et al. (2007) reported a method in which PCR-amplified DNA is cyclised by ligation. Even though this technique involves additional PCR and reannealing steps, it appears to be a more generic method that can be used without the need for genetic engineering of strains used for extract preparation. In addition, Sitaraman et al. (2004) used GamS proteins to protect the linear DNA from the degradation by exonucleases. More recently, Marshall et al. (2017) demonstrated that introduction of a χ-site stabilises linear DNA and substantially enhances the productivity of cell-free synthesis. These also appear to be generic methods for linear DNA stabilisation. Ahn et al. (2005) took a different approach and instead attempted to stabilise mRNA transcribed from the linear DNA template to enhance protein production. To preserve intact mRNAs transcribed before degradation of the DNA template, they prepared a cell extract from an RNase E-defective E. coli strain to reduce endonucleolytic digestion of mRNA. Additionally, the presence of the T7 terminator sequence at the 3 -end of the mRNA was shown to prevent the attack of exonucleases. When combining these features, the yield from PCR-amplified template DNA was comparable with that from a plasmid-based gene using a reverse primer containing the T7 terminator during PCR, and conducting cell-free synthesis using the extract prepared from an RNase E-defective strain. Furthermore, even higher mRNA stability was achieved by lowering the reaction temperature of cell-free synthesis, presumably by lowering the activity of residual RNases in the extract. A T7 terminator-overhang mRNA resulted in continuous production of the encoded protein during a 20 h incubation in a continuous exchange cell-free protein synthesis system using an RNase E-defective extract (Hahn and Kim 2006) (Fig. 3) .
METHODS FOR CELL EXTRACT PREPARATION
Compared with extracts from other sources, such as wheat germ and rabbit reticulocytes, E. coli extracts prepared from exponentially growing cells generally achieve far higher protein productivity. Furthermore, the cost of an E. coli extract is lower, as is batch-to-batch variation in performance. Nevertheless, conventional protocols for cell-free protein synthesis involve complicated steps for the preparation of cell extracts, representing a potential barrier when large amounts of extract of consistent quality are needed (Fig. 4) . Kim et al. (2006) found that a crude E. coli lysate can be directly used for catalysing cell-free protein synthesis without the subsequent treatments generally required in conventional protocols for extract preparation. The Figure 3 . Improving the productivity of cell-free protein synthesis by enhanced stability of mRNA. The stability of the transcripts can be improved by using an extract prepared from RNase E-defective strain and also by introducing a stemloop structure at the end of the transcribed mRNA, which protects the transcripts from endo-and exonucleolytic digestion, respectively. authors demonstrated that the technical problems associated with the use of crude lysates, such as insufficient synthesis and high viscosity, could be readily solved simply by including a step involving low-speed centrifugation of the lysate before use in cell-free protein synthesis. By minimising the process time and equipment requirements, this simplified protocol markedly improves the convenience, reproducibility and translational activity of the cell extract. Shrestha, Holland and Bundy (2012) developed a simple method for the preparation of cell extracts using the general equipment such as sonicator and bead vortexer. Subsequently, Kwon and Jewett (2015) reported the high-throughput preparation methods of cell extracts by using sonication. They developed a generalizable and easily accessible high-throughput crude extract protocols with a sonication based systematic approach adaptable for multiple bacterial strains. To make extract preparation more amenable for minimally equipped laboratories, efforts were directed to develop methods for extract preparation without physical disruption of cells. Cell extracts can be prepared through a combination of lysozyme treatment, osmotic shock and freeze-thaw cycles (Fujiwara and Doi 2016) . Cell extracts prepared by this biochemical method can produce proteins at comparable yields to previously reported cell extracts prepared by physical disruption methods such as French press and sonication. Attempts have also been made to improve the translational activity of cell extracts by optimising cell cultivation conditions before disruption. For example, Yamane et al. (2005) prepared cell extracts from E. coli cells grown at 42
• C that produced 1.5-fold more protein than extracts from cells grown at 37
• C. In addition to elevated protein productivity, a greater proportion of the target protein produced by cell extracts prepared from cells grown at higher temperatures was present in the soluble fraction, possibly due to expression of molecular chaperones during cultivation of E. coli at the elevated temperature.
METHODS FOR IMPROVING ATP SUPPLY
From a biochemical aspect, one of the major reasons behind the low productivity of cell-free protein synthesis is depletion of essential substrates needed for protein synthesis. Simply put, cell-free protein synthesis is a biochemical process of amino acid polymerisation mediated by ribosomes and translational factors, powered by ATP. Assuming protein productivity of ∼1 mg/mL, depending on the amino acid composition of the target protein, the reaction mixture for cell-free protein synthesis must contain mM quantities of amino acids, which is higher than the solubility of some amino acids. In addition, ∼40 mM ATP is required to charge tRNAs with amino acids to elongate polypeptide chains. Supplying sufficient quantities of amino acids can be relatively easily addressed using a fed-batch method and continuous exchange reactors (Katzen, Chang and Kudlicki 2005) . However, continuous supply of ATP is a critical problem, and reaction mixtures for cellfree protein synthesis should be equipped with an ATP regeneration system to ensure the biosynthetic machinery for protein synthesis is continuously energised (Fig. 5) . Conventionally, phosphorylation of ADP is achieved using pairs of compounds with high-energy phosphate bonds, along with their cognate kinases such as acetylphosphate/acetate kinase, phosphoenolpyruvate/pyruvate kinase or creatine phosphate/creatine kinase. However, use of these compounds inevitably results in accumulation of inorganic phosphate in the reaction mixture (Anderson, Straus and Dudock 1983; Ryabova et al. 1995; Kim and Choi 1996; Kim and Swartz 2001) . Due to the low solubility of magnesium phosphate, inorganic phosphates chelate and precipitate magnesium ions. Magnesium ions are an important co-factor in all steps of protein synthesis, including aminoacylation of tRNAs, transcription and translation. Thus, high concentrations of energy sources carrying a phosphate moiety lead to early termination of protein synthesis due to a lack of free magnesium ions. To tackle this issue, a number of methods have been developed to provide sufficient energy for continuous ATP regeneration without accumulation of inorganic phosphates. For example, a method for ATP regeneration that uses pyruvate as a phosphate-free energy source has been reported (Kim and Swartz 1999) . In this scheme, pyruvate is first converted to acetylphosphate by pyruvate oxidase, and this is then used for regeneration of ATP, releasing an equimolar amount of inorganic phosphate. Because the released phosphate is recycled by pyruvate oxidase to convert another molecule of pyruvate into acetylphosphate, there is no net accumulation of inorganic phosphate in the reaction mixture. Indeed, implementation of this ATP regeneration system markedly improves the duration and productivity of cell-free protein synthesis. This phosphate-free energy source approach was expanded by the same research group who used glucose as an energy source to fuel cell-free protein synthesis reactions (Calhoun and Swartz 2005; Jewett et al. 2008) . After extensive optimisation of each of the reaction components, it was confirmed that glucose is oxidised to provide energy required for ATP regeneration. Moreover, compared with conventional energy sources, glucose was better able to support the required ATP level, and protein productivity increased accordingly. The extended supply of ATP in the glucose-utilising reaction is thought to result from the higher energy density of glucose. In addition to supporting highly efficient ATP regeneration in cell-free protein synthesis, the successful use of glucose strongly indicates that central carbon metabolism can be reproduced in a cell-free system. It is also likely that a cell-free system built using cell extracts contains most of the cellular enzymes, and intracellular metabolic pathways can presumably be reactivated by the addition of appropriate substrates and co-factors. Indeed, cell-free synthesis techniques are now being used to produce metabolic compounds by harnessing and engineering cellular metabolic pathways in vitro.
Although the use of glucose overcomes the issue of phosphate accumulation, it causes a different problem: accumulation of protons during oxidation of glucose. When high concentrations of glucose are added to the reaction mixture for cell-free protein synthesis, the pH of the reaction mixture falls rapidly to a level that inhibits protein synthesis, as occurs during fermentation in the presence of excessive amounts of glucose. Calhoun and Swartz (2005) demonstrated that Bis-Tris buffer can be effectively used to maintain the pH during the regeneration of ATP from glucose in the reaction mixture for cell-free protein synthesis. In a different approach, Wang and Zhang (2009); Caschera and Noireaux (2015) and Kim, Kim and Kim (2011) solved this problem using starch and maltodextrin as a secondary source of glucose. The slow release of glucose from these polymeric carbohydrates ensured that the pH of the reaction mixture was sufficiently stabile to allow extended synthesis of proteins. More recently, Kim et al. (2015) developed a biochemical method to stabilise the pH during glucose-fuelled cell-free synthesis by supplying glutamate decarboxylase (GAD) engineered to be activated at neutral pH. When the reaction mixture becomes acidic, activated GAD begins to convert glutamate into γ -aminobutyric acid, during which equimolar amounts of protons are consumed. This enzyme-mediated pH control method proved highly effective, and the initial pH of the reaction mixture remained unchanged, even in the absence of any chemical buffers.
CONCLUSIONS
Cell-free protein synthesis is emerging as a versatile postgenomic tool for deciphering genetic information. In addition to recent progress on development of highly efficient and affordable methods for energy supply and extract preparation, cell-free protein synthesis can be programmed directly with PCR-amplified linear DNA templates, thereby enabling rapid and parallel expression of multiple target genes. In particular, cellfree protein synthesis will provide valuable tools for the production of those proteins that cannot be readily expressed in living cells, such as aggregation-prone proteins, transmembrane proteins and toxic proteins (Kai et al. 2015; Lim et al. 2016; Henrich et al. 2017; Rues et al. 2017; Thoring et al. 2017) . Cell-free protein synthesis also enables facile co-translational labelling of proteins required for structure determination (Yokoyama 2013) . As our understanding of the molecular mechanisms underlying protein synthesis expand, more efficient and productive cellfree protein synthesis systems will likely be developed, which could transform protein production processes and facilitate new applications.
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